INTRODUCTION

48
Subviral pathogens are the smallest known infectious molecules that manipulate the 49 cellular systems of much higher organisms, including animals and plants, to replicate 50 themselves (13, 28). Plant subviral pathogens can be divided into two major groups 51 based on their replicability: Helper virus-dependent or independent subviral pathogens. 52
The former includes plant satellite RNAs (satRNAs) while the latter includes viroids. 53
While viroids autonomously replicate in susceptible cells, satRNAs have been shown to 54 be dependent on their helper viruses (HV) for replication (12, 20, 48) . Although satRNAs 55 have no appreciable sequence homology with the HV genome, satRNAs not only utilize 56 HV replicases for their replication but also interfere with HV replication and thereby 57 modify disease-symptom expression on the host plants (28, 47, 49, 51) . 58 satRNAs associated with Cucumber mosaic virus (CMV), the type member of the 59 genus Cucumovirus, are among the earliest found and well studied subviral pathogens 60 HVs, symptom expression and origin (16, 27, 28, 41, 47-49, 51). Because of the 95 inherent dependency on HV, most research on satRNA replication to date has been 96 performed in the presence of HV using mechanical inoculation of either virion RNA or in 97 vitro transcripts (47, 49, 51). Therefore, the major purpose of this work is to define in 98 molecular terms the basis for HV-independent survival of satRNA. Consequently, in this 99 study, we sought to examine the subcellular localization and the biological activities of a 100 satRNA in the absence of its HV. Surprisingly, we found that when expressed in the 101 absence of HV, a CMV strain Q (Q-CMV) satRNA (Q-satRNA) localized in the nucleus 102 and was transcribed to generate multimers of genomic and antigenomic strands, a 103 previously unrecognized novel feature that could account for the persistent survival of 104 CMV satRNA in the absence HV, and place the replication cycle of satRNA in a new 105
perspective. 106 7
In situ detection of dsRNA and confocal microscopy. Immunofluorescence 139 labeling of dsRNA forms of Q-satRNA in the leaves was performed essentially as 140 described previously (5). For dsRNA detection, leaf sections were incubated with the 141 monoclonal anti-dsRNA antibody J2 (Scicons, Hungary) diluted to 1:200 for 16 hrs in a 142 moisturized chamber at 4ºC. Samples were washed 5 times with PHEM buffer (60 mM 143 PIPES, 25mM HEPES, 5 mM EGTA, 2 mM MgCl 2 , pH 6.9) for 5 min/wash, and then 144 incubated with the Alexa Fluor 633 goat anti-mouse antibody (Invitrogen, USA) diluted 145 to 1:100 for 2 hrs at room temperature followed by washing with PHEM (5 times, 5 146 min/wash). To stain nuclei, the samples were incubated with 300 nM of DAPI in PHEM 147
for 5 minutes and washed with PHEM (5 times, 5 min/wash). The samples were finally 148 mounted on slides using Vectashield™ mounting media (Vector Laboratories, USA). For 149
RNaseIII treatment, samples were treated with 4 units of RNaseIII (Ambion, USA) in the 150 supplied buffer for 2 h at 37ºC and washed with PHEM buffer (3 times, 3 min/wash) 151 prior to adding the J2 antibody. Confocal microscopy was performed using Leica TCS 152 SP2 confocal microscopy (Leica, Germany). He/Ne lasers were used to detect Alexa 153
Fluor 633 fluorescence and UV laser was used for detecting DAPI staining. satRNA by the double-joint PCR method using Vent polymerase (New England Biolabs, 159 USA) as described previously (46). Briefly, the 5' region of Q-satRNA was amplified by 160 PCR using a 5' forward primer (5'-GTTTTGTTTGTTAGAGAATTGCGTAGAG-3') and a 161 CATGCCATGGGGTCCTGGTAGGGAATGAT-3', NcoI site is underlined). These two 167 PCR products were mixed and amplified in a second round of PCR using a 5' forward 168 primer (5'-GTTTTGTTTGTTAGAGAATTGCGTAGAG-3') and a 3' reverse primer (5'-169 CATGCCATGGGGTCCTGGTAGGGAATGAT-3'; NcoI site is underlined). The resulting 170 PCR product was digested with NcoI and inserted into the binary vector pCassHDV 171 digested with StuI and NcoI. To generate the Q-satRNA transcripts with authentic 3' 172 end, the resulting plasmid was digested with NcoI and treated with mung bean 173 exonuclease prior to ligation. The resulting final plasmid was referred to as pQ-satRNA-174 MS2. The MS2 binding site was also inserted into 5' region of Q-CMV RNA5 by the 175 same procedure as described above. The 5' region of Q-CMV RNA5 was amplified in 176 PCR reaction using a 5' forward primer (5'-GTCCGAAGACGTTAAACTACACTCTC-3') 177 and a 3' reverse primer (5'-178 GACATGGGTGATCCTCATGTTCAACACGTTTAGGGACTTCAG-3', a sequence 179 encompassing the MS2 binding site is underlined). Similarly, the 3' region of Q-CMV 180 TGATAAACATCCACGGAGAT-3'). The resulting cDNAs were amplified by PCR using 210 either primer Fw1 (5'-GCGGAATTTCGAAAGAAAC-3') and primer Rv1 or primer Fw2 211
(5'-CCCTACCAGGACCCG-3') and primer Rv2, respectively. PCR was performed using 212 following conditions: 3 min denaturation at Therefore, it is beneficial to include a silencing suppressor such as p19 when examining 248 biological activities of satRNA in the absence of HV. Four days post-infiltration (dpi), 249 total RNA was extracted from the infiltrated leaves and Northern blots were generated in 250 triplicate ( Fig. 1D ) and hybridized with strand specific riboprobes: the first two blots are 251 hybridized with a riboprobe specific for the (+)-strand and (-)-strand Q-satRNAs ( (Fig. 1D, bottom panel) . 254
As shown in Fig. 1D , the detection of the (+)-and (-)-strand progenies of Q-satRNA in 255 the leaves co-infiltrated with HV and pQ-satRNA demonstrated that ectopically 256 expressed Q-satRNA transcripts from the construct are biologically active. 257 Surprisingly, we detected both polarities of monomeric (1x) and multimeric (2x, 3x 258 and 4x) forms of the Q-satRNA in the leaves expressing Q-satRNA alone (without HV) 259 (Fig 1D, top and middle panels) . Since the Q-satRNA riboprobes exhibited high degree 260 of strand-specificity especially when the concentration of the Q-satRNA was lower 261 (compare the hybridization signals for 25 ng or less by the strand specific riboprobes in 262 (Fig. 1D, bottom panel) . Re-probing of the Q-satRNA blots with HV-specific 265 riboprobes failed to detect an HV RNA profile (Fig. 1D, bottom panel) , arguing against 266 contamination as a possible explanation for the Q-satRNA multimer formation. 267
Agroinfiltration is a DNA-based transient RNA expression system initiated in the 268 nucleus (3, 55). Inherently, the replication of Q-satRNA does not involve DNA 269 intermediates and therefore the nucleus is not a recognized site for the Q-satRNA 270 replication. Thus, to mimic natural RNA-based inoculation and to examine whether the 271 mechanical inoculation of Q-satRNA alone would result in multimer formation and (-)-272 strand synthesis, various concentrations of the (+)-strand monomeric Q-satRNA in vitro 273 transcripts were mechanically inoculated without HV to the leaves of N. clevelandii 274 followed by Northern blot hybridizations using the strand specific Q-satRNA riboprobes. 275
Consistent with the agroinfiltration assays (Fig. 1D) shown that Q-satRNA is not a template for the known host encoded RdRps including 287 the RDR2 (52). Thus, we rationalize that HV-independent multimerization of Q-satRNA 288 observed in the above experiments (Fig. 1 B, C) Fig. 2A) . Similarly, the 297 MS2-CP binding site was engineered into the 5' region of CMV RNA5 (Fig. 2B) suggested that the engineered insertion had no detectable affect on the the Q-satRNA 303 replication. To monitor and visualize the subcellular location of Q-satRNA, a series of 304 GFP control plasmids amenable for agroinfitration were also constructed (Fig. 2D) . 305 N. benthamiana leaves infiltrated with the above transformed agrobacteria in desired 306 combinations were subjected to confocal microscopy at 3 dpi to monitor GFP signals. 307
The results are summarized in Fig. 2 (E-I) . The leaves infiltrated with control constructs 308 of GFP, GFP-CP and GFP-NLS-CP showed the fluorescent signals in the expected 309 subcellular compartments (Fig. 2E) . Identical distribution patterns of GFP signals were 310 observed when Q-satRNA was co-expressed with either GFP or GFP-CP or GFP-NLS-311 CP (Fig. 2F) . Likewise, the fluorescent signals resulting from co-expression of Q-312 satRNA-MS2 and GFP were confined to the cytoplasm ( Fig. 2G; top panel) . However, 313 when Q-satRNA-MS2 was co-expressed with GFP-CP or GFP-NLS-CP, most 314 fluorescent signals were detected in the nuclei ( Fig. 2G ; middle and bottom panels). It is 315 possible that the observed nuclear localization of Q-satRNA in these samples could be 316 due to agroinfiltration in which RNA transcripts are primarily made in the nucleus. 317 Therefore, to verify the nuclear localization of Q-satRNA in the absence of HV, we 318 performed similar RNA-tagging assays using a control construct, pQ-RNA5-MS2 (Fig.  319   2B) . The results are shown in Fig. 2H . In contrast to the GFP signals in the nucleus of 320 the cells co-expressing Q-satRNA-MS2 and GFP-CP (Fig. 2G) , the GFP signals 321 resulting from co-expression of Q-RNA5-MS2 and GFP-CP were observed throughout 322 on October 22, 2017 by guest http://jvi.asm.org/ Downloaded from the cytoplasm (Fig. 2H, middle panel) . In addition, the GFP signals were detected both 323 in the nucleus and cytoplasm when the Q-RNA5-MS2 and GFP-NLS-CP were co-324 expressed (Fig. 2H, bottom panel) . The control infiltration involving the co-expression of 325 Q-satRNA-MS2+GFP-CP+CFP-NLS revealed expected co-localization patterns for GFP 326 and cyan fluorescent protein (CFP) signals (Fig. 2I) . Taken together, these results 327 confirm that Q-satRNA has a propensity to localize in the nucleus in the absence of its 328
HV. 329 330
In situ detection of dsRNA forms of Q-satRNA in the nucleus. Double-strand 331
RNA (dsRNA) is a generally accepted marker for intermediates during replication of 332
positive-strand RNA viruses and their satRNAs (53). Since in the absence of HV, Q-333 satRNA accumulated both (+)-and (-)-strand monomeric and multimeric forms (Fig. 1D  334 and E) and localized in the nucleus (Fig. 2G) , we sought to examine whether dsRNA 335 forms of Q-satRNA could be detected in the nucleus. Thus, we performed in situ assays 336 for dsRNA detection using a monoclonal anti-dsRNA antibody (J2-Ab) (53). N. 337 benthamiana leaves expressing Q-satRNA alone were incubated with J2-Ab and 338 subjected to confocal microscopy at 3 dpi. We included the leaves infected with HV to 339 serve as a positive control in this assay. The following four inocula were included as 340 negative controls: (i) empty vector (EV); (ii) (-)-strand Q-satRNA representing a highly 341 structured single strand RNA; (iii) Q-CMV RNA5 that forms a high secondary structure 342 due to the presence of a 3' tRNA-like structure (TLS) and (iv) Brome mosaic virus RNA3 343 (B3) representing another single strand RNA. The results are summarized in Fig. 3 . As 344 expected, in controls and experimental samples, the DAPI treatment specifically stained 345 on October 22, 2017 by guest http://jvi.asm.org/ Downloaded from the nucleus emitting strong blue fluorescence (Fig. 3A-I ). Since HV replication is entirely 346 cytoplasmic (41), J2-Ab specific signals in the leaves expressing HV alone were found 347 scattered in the cytoplasm, but not in the nucleus, as punctate bodies emitting red 348 fluorescence (Fig. 3B) . The absence of red fluorescence signals specific for the J2-Ab in 349 the leaves infiltrated with four control inocula (Fig. 3 A, E-G alone were completely lost after RNase III treatment ( Fig. 3H and I) . To further verify 357 that the nuclear localization phase associated with Q-satRNA is conserved in another 358 CMV satRNA, a variant of CMV satRNA isolated from N. gluaca (referred to NG-359 satRNA) (35) was infiltrated into N. benthamiana leaves and processed for dsRNA 360 detection. Analogous to Q-satRNA, the localization of J2-Ab specific signals in the 361 nucleus was found in the cells expressing NG-satRNA alone (Fig. 3D) . Collectively, our 362 data suggest that, in the absence of HV, the nucleus is the preferred site for the 363 synthesis of anti-genomic Q-satRNAs resulting in dsRNA formation. 364
365
The Q-satRNA multimers formed in the absence of HV exhibit unique junction 366 sequences. To compare and characterize the junction sequences of the Q-satRNA 367 multimers formed in the presence and absence of HV (Fig. 1D) , we used a divergent 368 on October 22, 2017 by guest http://jvi.asm.org/ Downloaded from PCR approach (2) with two sets of primers ( Fig. 4A and B) . The resulting PCR products 369 were either directly sequenced (Fig. 4C, Exp.1 ) or sequenced after subcloning into the 370 pGEM-T vector (Fig. 4C, Exp. 2-4) . The sequencing results revealed the formation of 371 two classes of multimers. The Class 1 type was characterized by the presence of a 372 junction sequence lacking a 3' terminal C-residue of the first monomeric unit of head-to-373 tail repeats; whereas the Class 2 type was characterized by the addition of non-374 template GGGAAAA, referred to as the hepta nucleotide motif (HNM), to the 3'-end of 375 the first monomeric unit of head-to-tail repeats (Fig. 4C) . When total RNAs recovered 376 from the leaves co-infiltrated with Q-satRNA and HV were subjected to RT-PCR using 377
Fw1 and Rv1 primers, only the accumulation of the Class 1 type multimers was 378 detected (Fig. 4C) . Interestingly, similar RT-PCR using total RNA recovered from the 379 leaves infiltrated with Q-satRNA alone revealed exclusive accumulation of the Class 2 380 type multimers (Fig. 4C) . Similar results were obtained from the plants inoculated 381 mechanically with either Q-satRNA and HV or Q-satRNA alone (Fig. 4C) . The sequence 382 analysis of the in vitro RNA transcripts used for mechanical inoculation terminated with 383 expected authentic CCC OH suggesting the synthesis of the HNM was occurred de novo 384 by an unknown mechanism (see Discussion). Furthermore, since the Q-satRNA 385 multimers formed in the presence or absence of HV are clearly distinct, the detection of 386 the Class 2 multimers represents a diagnostic feature for the Q-satRNA nuclear 387
localization. 388 389
Evidence for nuclear localization of Q-satRNA in the presence of HV. Since Q-390 satRNA was observed to localize in the nucleus in the absence of HV, a question that 391 on October 22, 2017 by guest http://jvi.asm.org/ Downloaded from needs to be addressed would be: Does Q-satRNA localize to nucleus in the presence of 392 HV? To find an answer to this question, we used two approaches. The first approach 393 was based on our observations that the formation of the Class 2 multimers (Fig. 4B, C)  394 is diagnostic for the nuclear localization of Q-satRNA. Therefore, we employed a 395 divergent PCR assay to verify whether the Class 2 type multimers are found in the 396 leaves co-expressing HV and Q-satRNA. The Class 2 type multimers were not detected 397 using Fw1 and Rv1 primers in the leaves infiltrated with HV and Q-satRNA (Fig 4C) . We 398 reasoned that it could be due to that a majority of the accumulated multimers is the 399
Class 1 and only the low amount of the Class 2 multimers accumulated in the presence 400 of HV. Thus, we designed another primer set (Fw2 and Rv2; Fig. 4B ) to amplify the 401 junction region of only the Class 2, but not the Class 1 multimers (Fig. 4B) . Using this 402 primer set, we successfully amplified the junction sequences of only the Class 2 403 multimers from the leaves coinfiltrated with Q-satRNA and HV (Fig. 4B and C) . 404
As a second approach the MS2-CP mediated RNA tagging assay was applied to the 405 leaves co-infiltrated with a series of the transformed agrobacteria including controls (eg. (Fig. 5A) . Similar distribution 410 patterns of the fluorescent signal were observed when Q-satRNA was co-expressed 411 with HV+GFP, HV+GFP-CP or HV+GFP-NLS-CP (Fig. 5B) . Likewise, as expected, the 412 distribution of the fluorescent signals from co-expression of HV+Q-satRNA-MS2+GFP 413 (Fig. 5C, top panel) was identical to a control (HV+GFP; Fig. 5A, top panel) . However, 414
on October 22, 2017 by guest http://jvi.asm.org/ Downloaded from when Q-satRNA-MS2 was co-expressed with HV+GFP-CP or HV+GFP-NLS-CP, 415 although the distribution of the fluorescent signals was detected in the cytoplasm, it also 416 displayed a pattern distinct from that of control samples (Fig. 5C, bottom two panels) . 417
Since the Q-satRNA replication in the presence of HV is robust and most progenies 418 accumulate throughout the cytoplasm, it is difficult to conclude whether Q-satRNA 419 localized to the nucleus in the presence of HV. Therefore, we performed an additional 420 assay by agroinfiltrating the test sample (HV+Q-satRNA-MS2+GFP-CP) along with a 421 construct, CFP-NLS (Fig. 2D) 
428
A most striking observation of this study is that Q-satRNA is able to localize in the 429 nucleus and be transcribed to form multimers in the absence of its HV ( Fig. 1 and 2) . 430
The application of the RNA tagging assay (Fig. 2) and the in situ detection of dsRNAs 431 using J2-Ab as a probe (Fig. 3 ) convincingly demonstrated that Q-satRNA has a 432 propensity to localize in the nucleus and some host enzyme activities (eg. polymerase II) 433 might be involved in the transcription of anti-genomic strands and generating multimeric 434 forms, as observed in viroids and HDV (12, 17). The intimacy between the nucleus and 435 Q-satRNA that was not recognized before this study raises a possibility that this either by a rolling circle mechanism, as in circular satRNAs (7, 19, 31) or by a viral 479
RdRp re-initiating prior to releasing the nascent strand as in linear satRNAs (9). Our 480 study revealed that the multimers could also be formed in the absence of HV (Fig. 1D) . 481
We hypothesize that a primary step toward multimer formation is the addition of the 482 non-template HNM to the 3' end of the (+)-strand monomeric forms followed by the 483 
